The GEUVADIS expression data is available from EBI ArrayExpress (accessions E-GEUV-1, E-GEUV-2 and E-GEUV-3) with the corresponding genotype data, broken down by chromosome, available at <ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/>. The GTEx eQTL information was downloaded from <http://www.gtexportal.org/static/datasets/gtex_analysis_v6/single_tissue_eqtl_data/GTEx_Analysis_V6_all-snp-gene-associations.tar>

Introduction {#sec001}
============

It has been almost 30 years since the locus control region at the human β-globin cluster was identified \[[@pgen.1006673.ref001]\], one of the first well-defined mammalian examples of a regulatory site linked to the regulation of multiple, nearby genes \[[@pgen.1006673.ref002]\]. Subsequent studies across species have suggested that such regions may be a common feature of eukaryote gene expression \[[@pgen.1006673.ref002]\]. However, despite their potential importance, only a handful of such regions have been identified to date. How common such master cis-regulatory sites are in the human genome remains largely unclear.

This is partly because the study of regulatory sites has focused primarily on their effect on individual genes. The study of expression quantitative trait loci (eQTLs), for example, has shown itself to be a powerful tool in the understanding of the genetic basis of gene regulation \[[@pgen.1006673.ref003]\]. Genetic variants linked to gene expression variation (eVariants \[[@pgen.1006673.ref004]\]) point towards the location of regulatory elements in the genome. However, traditionally, eQTL studies adopt a single variant to single gene testing approach; that is testing variants against genes one by one \[[@pgen.1006673.ref003]\]. These analyses provide little information on the extent to which regulatory sites are shared across genes. High levels of linkage disequilibrium between variants can confound where two eVariants are tagging distinct regulatory loci, or where multiple genes are in fact linked to a single regulatory site.

Supporting the idea of substantial co-regulation in the human genome is the well characterised observation that nearby genes often display similar expression patterns across tissues \[[@pgen.1006673.ref005]\]. A number of hypotheses have been proposed to explain this, one of which is that such genes are directly co-regulated. It has also been proposed that the similarities in expression profiles of nearby genes are simply though an artefact of their shared chromatin environment \[[@pgen.1006673.ref006],[@pgen.1006673.ref007]\]. The latter is supported by observations that co-expressed genes are more likely to move apart over evolutionary time \[[@pgen.1006673.ref006],[@pgen.1006673.ref008]\], suggesting that co-expression is an unwanted artefact of proximity and that selection acts to reduce the interference between the regulation of nearby genes. This apparent contradiction between studies is potentially due to the inability to distinguish between artefactual co-expression and directed co-regulation when only the expression levels of genes are analysed.

Where co-regulation does exist, the mechanism by which master regulatory sites may co-regulate multiple genes is also poorly understood. A number of models have been proposed to explain how a single site could regulate multiple genes \[[@pgen.1006673.ref002],[@pgen.1006673.ref009]\]. These include: that transcription factor binding at the locus leads to remodelling of the chromatin across the entire locus making it more conducive for transcription; that transcription factors bind to the regulatory site which then track along to the various genes; or the promoters of the genes interact with the regulatory site via chromatin looping.

Finally, the importance of regulatory site sharing in pleiotropy, the phenomenon by which a single gene or variant is associated with more than one phenotype \[[@pgen.1006673.ref010]\], has been largely unexplored. Traditionally pleiotropy has been thought of in terms of a particular gene being linked to multiple traits \[[@pgen.1006673.ref010]\] but there is growing evidence that this view may be outdated. The fact that 88% of variants linked to a disease map outside transcribed regions \[[@pgen.1006673.ref011]\] suggests that pleiotropy may also be driven by non-coding regions. Genetic variants at shared regulatory sites affect the expression levels of multiple genes and, as a consequence, multiple downstream phenotypes.

In summary, despite their potential importance to a variety of key biological processes, from understanding disease risk, to pleiotropy and the forces shaping genome evolution, little is currently known about the locations and extent of master regulatory sites in the human genome. To begin to address this we first identified shared, non-redundant, cis-regulatory sites in the human genome, which we term master-eQTLs. We then investigated the links between these sites and disease, their potential mechanisms of action and how they appear to have shaped the evolution of our genome.

Results {#sec002}
=======

Identifying reproducible non-redundant regulatory sites in the human genome {#sec003}
---------------------------------------------------------------------------

To determine the location of master-eQTLs, we first identified the location of cis-eVariants in the human genome using a dataset of 379 European derived lymphoblastoid cell lines \[[@pgen.1006673.ref012]\]. Genetic variants within 500kb of each TSS in the genome were tested for an association with the gene's expression using linear regression, while controlling for any sex and population of origin effects. Robust permutation-adjusted P values were subsequently calculated for all eVariants reaching a nominal significance of p \< 0.00001. A set of 441,723 cis-eVariants identified at a false discovery rate of 0.05. A final pruning step based on forward regression (see [methods](#sec010){ref-type="sec"}) was used to reduce the redundancy among the set of eVariants for each gene, and identify a final set of 5,254 conditionally independent regulatory cis-eQTLs. This pruned, non-redundant set of eVariants is provided as [S1 Table](#pgen.1006673.s009){ref-type="supplementary-material"}.

To assess the quality of this set of cis-eQTLs and the impact of pruning, we explored the replication of these eQTLs across tissues using independent data from the GTEx consortium \[[@pgen.1006673.ref013]\]. For each eVariant defined in this study, we obtained its corresponding GTEx p value in 44 tissues, including matching independent lymphoblastoid cell lines. As illustrated in [Fig 1](#pgen.1006673.g001){ref-type="fig"}, the cis-eVariants identified in this study displayed a high level of reproducibility in related tissues such as spleen, the primary storage area of lymphocytes. In particular the conditionally independent set of cis-eVariants, each expected to correspond to a separate eQTL, showed the highest reproducibility among the corresponding dataset of lymphoblastoid cell lines, illustrating that these independent eVariants comprise a high quality collection of regulatory variants that replicate across analysis approaches and datasets. In comparison to other tissues, pruning had a comparatively modest impact on replication in the matching set of GTEx lymphoblastoid cell lines ([Fig 1](#pgen.1006673.g001){ref-type="fig"}, bottom panel). This is broadly consistent with pruning having reduced spurious cross-tissue replication, while not substantially affecting replication across the same tissue type (see [S1 Fig](#pgen.1006673.s001){ref-type="supplementary-material"} for further details). This pruned set of non-redundant eQTLs was therefore used in all downstream analyses.

![Assessing the reproducibility of eVariants across tissues.\
Median log transformed p values in each tissue of the GTEx dataset for those eVariants significant (q \< = 0.05) in the GEUVADIS dataset before and after removing redundant variants (top panel). Sample numbers are shown in brackets after the tissue name in the legend. The corresponding points in the lower panel show the ratio of these average--log~10~(p) values for the pruned and unpruned sets (median--log~10~(p) of pruned set/median -log~10~(p) of unpruned set). The blue dotted line indicates the median of these ratios and the grey area and grey dotted line represents the range and median of the ratios observed when the independent eQTL variants were replaced with the same number of eVariants randomly selected from the background set of eVariants 1000 times. The comparatively high ratio associated with lymphoblastoid cells compared to other tissues is broadly consistent with pruning reducing spurious cross-tissue replication ([S1 Fig](#pgen.1006673.s001){ref-type="supplementary-material"}).](pgen.1006673.g001){#pgen.1006673.g001}

Master-eQTLs are common in the human genome {#sec004}
-------------------------------------------

After having identified this set of non-redundant cis-eQTLs, we assessed the extent of eQTL sharing, that is where the expression of multiple genes is linked to a single eVariant. In total 534 eQTLs, 11.8% of the total, were found to be linked to the expression of two or more genes. [Fig 2](#pgen.1006673.g002){ref-type="fig"} shows examples of putative shared regulatory sites at the COLCA1 and COLCA2 locus on chromosome 11. Of 4 eQTL variants independently associated with these genes, two are shared by both, consistent with previous studies demonstrating co-regulation between these genes \[[@pgen.1006673.ref014]\].

![Defining the master eQTLs at the COLCA locus on chromosome 11.\
(A) COLCA1 and COLCA2 are orientated on opposite strands. (B) All eVariants linked to COLCA1 and COLCA2. Each eVariant is represented by a line linking the variant's location to the TSS of the gene with which it is associated. The associated gene is also indicated by the colour of the line, and its height corresponds to its significance. (C) eQTLs remaining after removing redundancy. Two eQTLs are linked to both genes. (D) The rs11213823 variant linked to COLCA2 expression is tagging the same regulatory site as the colorectal cancer risk variant rs3802842 \[[@pgen.1006673.ref028]\]. (E) Coregulation of COLCA1 and COLCA2 by a shared regulatory variant tagged by rs34664097.](pgen.1006673.g002){#pgen.1006673.g002}

[S2 Fig](#pgen.1006673.s002){ref-type="supplementary-material"} shows that the probability of a variant being a non-redundant eVariant is related to its allele frequency and distance from the corresponding gene. Independent eVariants are generally of a higher minor allele frequency and in close proximity to the gene they are linked to. This suggests regions of high gene density may show a high degree of eQTL overlap by chance. To provide a baseline frequency of eQTL sharing, we used these frequencies to determine the probabilities of eQTLs being linked to multiple genes based solely on the allele frequencies and distance to nearby genes of eVariants (see [methods](#sec010){ref-type="sec"}). Comparatively few eQTLs are expected to overlap by chance based solely on these frequencies, suggesting a bias towards shared regulatory sites in the genome ([Fig 3](#pgen.1006673.g003){ref-type="fig"}).

![Number of master-eQTLs in the genome.\
The number of independent eQTLs linked to different numbers of genes (blue solid line). For comparison the number of eQTLs expected to be linked to different numbers of genes based simply on their allele frequency and distance to nearby genes is shown in grey (dashed line with 95% confidence intervals).](pgen.1006673.g003){#pgen.1006673.g003}

Master-eQTLs and coregulation across tissues {#sec005}
--------------------------------------------

Although these master-eQTLs may indeed correspond to shared regulatory sites, an alternative explanation is that they are in fact two independent eQTLs in high LD. The tight genetic correlation of many eVariants means that their effects cannot be easily teased apart. However, two independent regulatory variants, affecting both distinct regulatory sites and downstream genes, will not necessarily show correlated effects on the expression of the genes across different tissues. Transcription factor binding, histone modifications and other chromatin factors at these distinct sites can change independently of one another and the underlying genotypes at these variants, leading to divergence in the expression levels of the genes across tissues. In contrast changes in transcription factor binding across tissues at shared regulatory sites are shared by each co-regulated gene, suggesting the effect of variants at such sites will have more correlated effects on associated genes across tissues than two independent, but linked, variants. This theory is illustrated in [Fig 4A and 4B](#pgen.1006673.g004){ref-type="fig"}. Although the two eVariants, rs13247029 and rs35121828, are in high LD (R^2^ = 0.88) the estimated size and direction of their effects on the genes they regulate are not correlated across tissues. The expression levels of the genes change independently across cell types, and show different associations with the distinct eVariants. In contrast the size and direction of effect of the master-eQTL eVariant rs36209093 on the two genes it is linked to, are highly correlated across tissues. We tested to see if this is a general phenomenon and a feature of the master-eQTLs defined here, that is whether multi-eQTLs show a greater correlation in their size and direction of effect on their linked genes across tissues than would be expected if multi-eQTLs are in fact tagging two independent regulatory sites.

![Coregulation of genes across tissues.\
(A) The correlation observed between the sets of tissue-specific coefficients associated with two distinct eQTL variants, rs35121828 and rs13247029, in high LD (R^2^ = 0.88). Variant ids are indicated in brackets after the name of the gene they are associated with. Each point represents the eQTL's coefficient in that tissue, i.e. its size and direction of effect on the corresponding gene's expression level in the associated cell type. Despite the eQTLs being in high LD, the correlation between their sets of coefficients (r~tiss~) is low. (B) The high correlation between the sets of tissue coefficients associated with a master-eQTL tagged by rs36209093. (C) The distributions of the correlations (r~tiss~) between pairwise sets of coefficients for gene-eQTL pairs where the eQTL is the same but the genes differ (share a master eQTL); where the eQTLs and genes both differ but the gene pairs were sampled 100 times to match the distribution of inter-gene distances observed between genes sharing a master-eQTL (close proximity); and all pairs of sets of coefficients where the eQTLs and genes both differ (other). Means of each group are indicated by vertical dashed lines. The master-eQTL distribution is significantly different from both other groups (Kolmogorov-Smirnov test p \< 2.2x10^-16^) (D) The mean correlations (mean r~tiss~) associated with pairs of eQTLs linked by different levels of LD. The blue circles represent the mean correlations and mean LD of eQTL pairs broken down into five bins (LD between 0 and 0.2, 0.2 and 0.4, 0.4 and 0.6, 0.6 and 0.8, 0.8 and 1). The blue line and grey areas represents a fitted linear regression line through all the (unbinned) data and its 95% confidence interval respectively (R^2^ = 0.001; p = 0.0033). The red point and lines correspond to the mean correlation between sets of coefficients associated with master-eQTLs and the associated 95% confidence interval.](pgen.1006673.g004){#pgen.1006673.g004}

To test this, we obtained from the independent GTEx dataset the coefficients across 44 tissues for each of our independent eVariants. Each eQTL-gene pair's set of 44 tissue coefficients represents the size and direction of effect of the eQTL across tissues. The Pearson's correlation was then calculated between the sets of coefficients associated with each pair of eQTL-gene sets in the genome (r~tiss~). A high r~tiss~ indicates that the size and direction of effect of the eQTL or eQTLs on their associated genes is highly correlated.

r~tiss~ is generally low for randomly selected pairs of eQTLs ([Fig 4C](#pgen.1006673.g004){ref-type="fig"}), i.e. the size and direction of effect of distinct eQTLs on different genes across tissues are generally uncorrelated. A similar pattern is observed if nearby gene-pairs are randomly selected to approximately match the distribution of inter-gene distances observed between genes sharing a master-eQTL. The coefficients associated with these gene pairs and their distinct eQTLs also show little correlation (low r~tiss~), suggesting two genes simply being in close proximity does not necessarily increase their level of co-regulation across tissues. However, r~tiss~ associated with master-eQTLs and associated genes are unusually high. The sets of coefficients associated with master-eQTLs and each co-regulated gene were generally more highly correlated than expected.

As the genotypes of genetically linked variants are correlated, this may partly explain correlations between associated sets of eQTL coefficients. As shown in [Fig 4D](#pgen.1006673.g004){ref-type="fig"}, there is indeed a weak relationship between the correlations observed between the sets of coefficients associated with pairs of eQTLs (r~tiss~) and increasing levels of LD between the variants. The higher the LD between two eQTLs the greater the correlation between their size and direction of effect on the expression of their associated genes across tissues. However, extrapolating out this relationship in [Fig 4D](#pgen.1006673.g004){ref-type="fig"}, master-eQTLs display correlations between their associated sets of coefficient (r~tiss~) that are substantially higher than would be expected from two independent master-eQTLs in perfect LD. These data suggest that master-eQTLs are not simply the result of independent regulatory variants in perfect LD, or because the genes simply share the same broader chromatin environment, but rather are likely enriched with true shared regulatory variants.

Linking of master-eQTLs and co-regulated gene clusters via chromatin looping {#sec006}
----------------------------------------------------------------------------

To investigate the potential mechanisms by which multiple, often distant, genes may potentially be co-regulated, we tested for evidence of chromatin looping between master-eQTLs and their associated genes \[[@pgen.1006673.ref015]\]. Two complementary Hi-C chromosome conformation datasets were used. One traditional genome-wide Hi-C analysis \[[@pgen.1006673.ref016]\] characterising chromatin interactions genome-wide, and one higher resolution but targeted study of loops specifically associated with gene promoters \[[@pgen.1006673.ref017]\]. In total 175 of the 1039 gene pairs sharing an eQTL (16.7%) displayed evidence of both genes looping towards the shared regulatory site ([S2 Table](#pgen.1006673.s010){ref-type="supplementary-material"}). A high degree of overlap was observed between both chromatin conformation datasets ([S3 Fig](#pgen.1006673.s003){ref-type="supplementary-material"}).

To assess the significance of this result we adopted a circular permutation approach \[[@pgen.1006673.ref018]\]. This involved maintaining the size, order and interactions between Hi-C target and anchor regions, but shifting the locations of all the Hi-C regions the same random distance along a circularised version of the genome, to test how often looping between genes and regulatory regions is expected by chance (see [methods](#sec010){ref-type="sec"} for more details). Although genes that are closer together are expected to be more often linked by chromatin interactions, this circular permutation approach ensures that factors such as the distance between genes are controlled for.

Using this approach the rate of chromatin looping between master eQTLs and their linked genes was observed to be approximately 2.6 times higher in the real data than the average of the permutations (permutation p\<0.001, [Fig 5A](#pgen.1006673.g005){ref-type="fig"} and [S4 Fig](#pgen.1006673.s004){ref-type="supplementary-material"}), with none of the 1000 permutations showing as much looping between co-regulated genes and shared eQTLs as observed in the real data. Some genes were observed to map to the same Hi-C chromatin domain, so that the eQTL is brought into both their proximity via one higher order chromatin loop. However, distinct chromatin looping between regions harbouring an eQTL and each of the regulated genes was also observed significantly more often than expected ([S4 Fig](#pgen.1006673.s004){ref-type="supplementary-material"}). This suggests that co-regulated genes often appear to be brought into the vicinity of a shared eQTL via multiple distinct chromatin looping events.

![Master-eQTLs and chromatin looping (A) Circular permutations were performed to test whether genes sharing a master-eQTL are significantly more likely to loop towards one another (top) and towards the regulatory site they share (bottom---p values derived from circular permutations as described in the methods and as illustrated in [S4](#pgen.1006673.s004){ref-type="supplementary-material"} and [S5](#pgen.1006673.s005){ref-type="supplementary-material"} Figs) (B) Chromatin looping between a master-eQTL and regulated genes at the SERPINB locus on chromosome 6. Chromatin looping between the master-eQTL region and gene promoters, as defined by the Chi-C experiment, are indicated as green ribbons within the circle. Genes tested for an association on the negative (blue, orientated counter-clockwise) and positive (red, orientated clockwise) strands are shown, with those with a significant association indicated by full shading. Corresponding q values are shown after each gene's name.](pgen.1006673.g005){#pgen.1006673.g005}

The promoters of genes sharing an eQTL are also found closer together in three-dimensional chromatin space than expected by chance given their genomic distance apart, (permutation p\<0.001, [Fig 5A](#pgen.1006673.g005){ref-type="fig"} and [S5 Fig](#pgen.1006673.s005){ref-type="supplementary-material"}). Consequently master-eQTLs and their associated genes often appear to be forming higher order multi-way chromatin interactions in the cell.

An example of a co-regulated gene cluster is shown in [Fig 5B](#pgen.1006673.g005){ref-type="fig"}. The master-eQTL at this locus on chromosome 6 is significantly associated with the expression of 6 genes. Five of these genes show evidence of chromatin looping to the region harbouring the putative regulatory variant, with the final gene residing directly upstream of the eQTL itself. The promoters of these genes were also found to loop towards one-another in three dimensional chromatin space ([S3 Table](#pgen.1006673.s011){ref-type="supplementary-material"}), supporting a multi-way interaction at this locus. Although, as far as we are aware, no master regulatory site has previously been described in this region containing three SERPINB genes, a locus control region has been characterised at the SERPINA cluster on chromosome 14 \[[@pgen.1006673.ref019]\], suggesting that both SERPIN loci are potentially under the influence of master regulators. Consequently there is evidence that master-eQTLs and associated regulated genes are often forming higher order multi-way chromatin interaction modules in the cell.

Defining the potential role of master regulators in shaping genome evolution {#sec007}
----------------------------------------------------------------------------

An active role of chromatin looping in gene co-regulation suggests that such clusters may be expected to be under evolutionary constraint to be conserved together across time; co-regulated gene pairs being disproportionately found within unusually close proximity, and over 21% being within 10kb ([S6 Fig](#pgen.1006673.s006){ref-type="supplementary-material"}). Previous studies of co-expression in mammals have argued against co-expressed gene clusters being maintained together and that rather they have generally moved apart over evolutionary time \[[@pgen.1006673.ref006]\]. A potential limitation of these studies may be the focus on co-expression. Using our set of gene pairs showing evidence for genetic co-regulation, we tested to see if the sharing of an eQTL and chromatin interactions are linked to the conservation of gene order across species.

Controlling for their distance apart in the human genome, genes that loop together towards a shared genomic target were found to have been maintained at a more similar distance apart in both the chimpanzee and mouse genomes than those gene pairs with no evidence of being linked by chromatin looping ([Fig 6](#pgen.1006673.g006){ref-type="fig"}). Where genes loop towards the same region that also harbours a shared eQTL, there appears to be an unusually strong constraint on their inter-gene distance. The average change in inter-gene distance of such gene pairs is not significantly different from 0 in both the human and chimpanzee analyses. Despite the general increase in inter-gene distance of other gene pairs, these genes linked by chromatin looping to a shared regulatory site have been maintained at largely the same genomic distance apart across these comparatively long evolutionary timescales ([Fig 6](#pgen.1006673.g006){ref-type="fig"}). Comparing these gene pair groups to each other while controlling for their distance apart in the human genome via multiple linear regression, reaffirms gene pairs linked by chromatin looping to a shared eQTL display the smallest increases in inter-gene distance ([Table 1](#pgen.1006673.t001){ref-type="table"}). Chromatin looping, that has been shown to be relatively well conserved across mammals \[[@pgen.1006673.ref020]\], appears to be associated with constraints on genome evolution. However, the combination of chromatin interactions and shared eQTLs is associated with the strongest conservation of inter-gene distances across species. Co-regulated gene modules linked by chromatin looping and a master-eQTL appear to be under unusually strong constraint to maintain them together over evolutionary time.

![Co-regulated gene modules are linked to the conservation of inter-gene distance across evolution.\
For gene pairs of different categories their relative distance in the human, chimpanzee and mouse genomes were calculated. The y axis corresponding to the average (natural) log ratio of the inter-gene distances for each gene pair in each category. A higher log ratio indicates the gene pairs are, on average, generally further apart in the non-human species than in the human genome. A log ratio of 0 indicating inter-gene distance is unchanged between species. Standard errors of the mean are shown. A version of this plot including the small number of gene pairs which share an eQTL but are not linked by chromatin looping to a common region is shown in [S7 Fig](#pgen.1006673.s007){ref-type="supplementary-material"}.](pgen.1006673.g006){#pgen.1006673.g006}
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###### Conservation of inter-gene distance between gene pairs sharing master-eQTLs.

![](pgen.1006673.t001){#pgen.1006673.t001g}

                                                                                           Dependent variable---ln(distance apart in other species + 1)   
  ---------------------------------------------------------------------------------------- -------------------------------------------------------------- --------------------------------------------------------
  **ln(Human distance apart + 1)**                                                         0.92 (0.003)[\*\*\*](#t001fn003){ref-type="table-fn"}          0.97 (0.005)[\*\*\*](#t001fn003){ref-type="table-fn"}
  **Genes loop to same region (chimpanzee n = 60478, mouse = 55218)**                      -0.08 (0.010)[\*\*\*](#t001fn003){ref-type="table-fn"}         -0.10 (0.015)[\*\*\*](#t001fn003){ref-type="table-fn"}
  **Genes share eQTL but not linked by looping (chimpanzee n = 71, mouse = 63)**           -0.13 (0.12)                                                   -0.18 (0.19)
  **Genes loop to same region harbouring shared eQTL (chimpanzee n = 214, mouse = 176)**   -0.26 (0.068)[\*\*](#t001fn002){ref-type="table-fn"}           -0.34 (0.11)[\*\*](#t001fn002){ref-type="table-fn"}
  **Other gene pairs (background pairs) (chimpanzee n = 13039, mouse = 11961)**            NA (Reference)                                                 NA (Reference)
  **Constant**                                                                             1.18 (0.036)[\*\*\*](#t001fn003){ref-type="table-fn"}          0.68 (0.056)[\*\*\*](#t001fn003){ref-type="table-fn"}
  **Observations**                                                                         73,802                                                         67,418

\*p\<0.05

\*\*p\<0.005

\*\*\*p\<5x10^-4^

Multiple linear regression coefficients, and standard errors in brackets, when testing whether genes linked by chromatin looping and/or a shared eQTL are found close together in other mammals having controlled for their corresponding distance apart in the human genome. Each gene pair type was tested relative to the background set of gene pairs that neither show evidence of looping towards a common site or of sharing an eQTL. A significant negative coefficient indicates the corresponding group of gene pairs are generally found closer together in the non-human species than gene pairs in this background set, when controlling for their observed distance apart in the human genome. Results where each group are compared to the set of gene pairs looping to the same region but that do not share an eQTL are shown in [S4 Table](#pgen.1006673.s012){ref-type="supplementary-material"}.

Potential role of shared regulatory sites in pleiotropy {#sec008}
-------------------------------------------------------

Shared regulatory sites may be expected to be particularly important in shaping downstream phenotypes due to their potential link to multiple biological pathways. Previous studies have shown that eVariants are also often a GWAS variant \[[@pgen.1006673.ref012]\], but whether master-eQTLs are more likely to be linked to multiple phenotypes has not previously been examined. To investigate this we first identified the total set of variants in LD with each eQTL at different thresholds (R^2^ \> = 0.6, \> = 0.8, = 1), and using information from the GWAS catalogue \[[@pgen.1006673.ref021]\] determined the total number of phenotypes linked to each set. Where an eQTL was in LD with multiple GWAS variants associated with the same or similar phenotype they were collapsed into one, providing a non-redundant count of phenotypes linked to the variants in LD with each eQTL. Depending on the LD threshold used, master-eQTLs were observed to be between 2.5 and 2.6 times more likely to be linked to one or more GWAS phenotype than eQTLs linked to only one gene (chi-squared p \< 5x10^-5^ at all three LD thresholds). Notably, this broadly tallies with master-eQTLs being associated with 2.34 genes on average.

Multi-eQTLs were observed to be associated with a modest, albeit significant, increase in the number of variants in LD ([Fig 7](#pgen.1006673.g007){ref-type="fig"}). However, accounting for this general enrichment of linked variants using logistic regression, the sets of variants in LD with master-eQTLs were found to be generally associated with more distinct phenotypes than variants in LD with single-eQTLs. Each extra phenotype with which an eQTL is associated, increases the odds of it being a multi-eQTL by a factor of between 1.31 to 1.51 depending on the LD threshold used ([Fig 7](#pgen.1006673.g007){ref-type="fig"}). Amongst all eQTLs there is a significant correlation between the number of genes whose expression it is linked to and the number of non-redundant GWAS variants in LD (R^2^ threshold of \> = 0.6. Partial correlation Kendall's tau: 0.094; p = 4.34x10^-21^ when accounting for the total number of variants in LD with each eQTL). Consequently eQTLs linked to multiple genes are more likely to be in LD with multiple, non-redundant GWAS variants suggesting the regions of shared regulatory sites are key hubs of disease risk and human phenotypes.

![The increase in odds of an eQTL being linked to multiple genes given each extra non-redundant GWAS variant found in LD.\
The more distinct GWAS phenotypes associated with variants in LD, the greater the odds an eQTL is a master-eQTL (dark blue). Odds ratio and 95% confidence intervals were calculated using logistic regression and the number of all variants within the same LD threshold was fitted as a covariate (light blue) to control for any potential confounding due to master-eQTLs being in regions of high LD (\*\* p \< 0.01, \*\*\* p \< 0.001).](pgen.1006673.g007){#pgen.1006673.g007}

Discussion {#sec009}
==========

There is an increasing focus on understanding the genetics of gene regulation, with studies such as GTEx \[[@pgen.1006673.ref013]\] assaying the links between genetic variants and gene expression in hundreds of individuals and across multiple tissues. Despite the inarguable utility of these analyses, their focus on producing lists of individual gene to individual variant associations perhaps oversimplifies genetic regulation.

In this study we identify independent cis-eQTLs and show that the sharing of non-redundant regulatory variants is a relatively common phenomenon. Shared regulatory variants are not restricted to a small handful of sites, but found across over 10% of all pruned regulatory sites. Although distinguishing between a single master regulatory site, and multiple regulatory sites in perfect, or near perfect, LD is difficult \[[@pgen.1006673.ref022]\], suggesting this estimate is likely an upper bound, we have shown that genes sharing a master-eQTL show correlated changes in expression linked to the variant's genotype across tissues. This therefore supports the idea of substantial levels of co-regulation in the human genome. Likewise the patterns of chromatin looping linked to master-eQTLs adds further support to the function of these sites.

The observation that genes sharing a regulatory site are less likely to move apart over evolutionary time also suggests that regulatory site sharing is not simply a result of regulation "leaking" from one gene to its neighbours as has previously been suggested \[[@pgen.1006673.ref006]\]. Selection is expected to break up gene pairs if regulation of one is adversely affecting its neighbours \[[@pgen.1006673.ref006]\]. In contrast, such gene groups are unusually well conserved, suggesting the opposite is likely to be the case, and that their proximity is being maintained over relatively long evolutionary timescales.

A limitation of eQTL studies is that they are dependent on a polymorphism falling within the regulatory site. Many, if not the majority, of regulatory sites are therefore likely to be missed in any study based on genetic regulatory variants. However, we can extrapolate from the numbers observed in this study. Although we identified just 534 shared eQTLs, only 3422 genes were linked to an eQTL in this analysis, with the majority of regulatory sites unlikely to be tagged by an eQTL. With as many as 50,000 (coding and non-coding) genes in the genome \[[@pgen.1006673.ref023]\], this suggests there may be several thousand shared regulatory sites in total.

As defining the locations of eQTLs is a common post-GWAS prioritisation approach, understanding the distribution and location of these sites has important implications for interpreting disease loci. This study has shown that master-eQTLs are more likely to be linked to several phenotypes than other eQTLs. Pleiotropy is receiving increasing attention, in part due to its potential for increasing power in association studies \[[@pgen.1006673.ref022]\], and these results provide a potential mechanism for interpreting pleiotropy outside the most commonly studied coding regions.

Methods {#sec010}
=======

Ethics statement {#sec011}
----------------

Ethical, legal and social implication (ELSI) statements for the GEUVADIS and GTEx datasets used in this study can be found at: <http://www.geuvadis.org/web/geuvadis/resources/elsi> and <https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4010069/#S11title>.

Defining independent eQTLs {#sec012}
--------------------------

Cis-eVariants were defined using the 379 European Individuals in the 1000 genomes project that have matching GEUVADIS gene expression data available \[[@pgen.1006673.ref012]\]. All 1000 genomes phase 3 variants \[[@pgen.1006673.ref024]\] within 500kb of the transcription start site of each gene were first tested for an association with the gene's expression levels using linear regression, fitting sex and 1000 genomes population of origin as covariates. Permutation p values were then calculated for those cis-eVariants reaching a nominal significance of p \< 0.00001 using the lmPerm R package. A maximum of 1 million iterations were run for each variant, with iterations terminating if the estimated standard deviation of the p value fell below 0.1 of the estimated p value \[[@pgen.1006673.ref025]\].

Forward stepwise regression was used to reduce the redundancy among these variants and identify conditionally independent eQTLs. The lmPerm R package again was used to determine conditioned permutation p values (with a maximum iteration number of 10 million). As these independent eVariants, each expected to correspond to a distinct eQTL, were defined for each gene independently, two different variants could be associated with different genes, despite being redundant and tagging the same functional variant. To try and remove this redundancy, a final step was undertaken where redundant eQTLs were merged across genes. For a given gene, gene x, we determined those eVariants that were dropped following pruning but that corresponded to the same eVariant as an eQTL that survived pruning for another gene, gene y. If this eVariant was equally effective at explaining variation in gene x's gene expression as the current eQTL of gene x, the two variants were marked as potentially redundant (if an ANOVA F-test p value comparing linear models with both or just one SNP fitted against the gene's expression was \> 0.05). The variant with the larger chromatin enrichment in the immediate vicinity (see below for calculation) was subsequently chosen to be the eQTL assigned to both genes x and y if equally effective in explaining each gene's variation in expression. In total 7.8% of non-redundant eVariants were replaced with another representative in this way. A final round of forward regression with this final set of pruned eVariants was undertaken to ensure this process did not affect the redundancy among eQTLs. Finally any eVariants not in V6 of GTEx were excluded from all analyses, leaving the final set of 5254 non-redundant eQTLs. A comparison of the numbers of eQTLs linked to multiple genes prior to and after this final merging step is shown in [S8 Fig](#pgen.1006673.s008){ref-type="supplementary-material"}.

Calculating the expected overlap between eQTLs {#sec013}
----------------------------------------------

To determine the expected amount of eQTL sharing among genes purely by chance we determined the frequency at which variants of a particular minor allele frequency (MAF, grouped into 2% frequency bins) and distance from the TSS of the respective gene (10kb bins) were called an independent eVariant. These frequencies equate to the probability of a variant corresponding to an eQTL of a gene given its MAF and distance to the gene's TSS. When calculating these frequencies we also conservatively included all eVariants in perfect LD with each independent eQTL, to account for any increased eQTL sharing resulting from the same variant being picked for each gene when multiple variants were of equal significance. These frequencies were used in 100 permutations to assess the expected amount of eQTL sharing by chance, based purely on this observed distribution of regulatory variants in the genome. In each permutation all variants in the final set of eQTLs were first randomly assigned to just one of the genes of which it was an eQTL. Using the probabilities in [S2 Fig](#pgen.1006673.s002){ref-type="supplementary-material"} the probability of this eQTL being associated with each of the remaining genes within 500kb was then determined. If this probability was greater than a randomly drawn number from a uniform distribution between 0 and 1, this variant was deemed to be an eQTL for the corresponding gene in this permutation. In this way the frequency of observing eQTLs linked to multiple genes based on their minor allele frequency and distance to nearby genes could be determined. The average number and 95% interval ranges of eQTLs linked to different numbers of genes across permutations was finally determined to compare to the observed counts in [Fig 3](#pgen.1006673.g003){ref-type="fig"}.

In our approach to define master-eQTLs described above we had undertaken a final step merging redundant eQTLs across genes. This had the effect of increasing eQTL sharing. However, as shown in [S8 Fig](#pgen.1006673.s008){ref-type="supplementary-material"}, even without this final merging step eQTL sharing was substantially higher than expected based purely on the distribution of eQTLs in the genome represented in [S2 Fig](#pgen.1006673.s002){ref-type="supplementary-material"}. Consequently, even without collapsing eVariants in high LD into one eQTL, there is an enrichment of eQTL sharing in the genome.

Comparison to GTEx derived eQTLs {#sec014}
--------------------------------

To test the cross-dataset and cross-tissue reproducibility of eVariants (i.e. whether the eVariants are significant in other tissues), GTEx P values for the eVariants defined in this study were obtained from <http://www.gtexportal.org/home/>. As discussed any variant not tested by GTEx was excluded from all analyses.

To test whether the defined master-eQTLs demonstrate unusually high correlations between their size and direction of effects on genes across tissues, we also obtained GTEx eQTL coefficients from the GTEx website. These coefficients represent the degree to which the gene's expression changes upon changes in the eVariant's genotype. Consequently a high correlation (r~tiss~) between two sets of coefficients suggests the expression of the two corresponding genes changes in a similar way across tissues upon changes in the genotype of the eVariant(s). In this analysis we calculated the Pearson's correlation (r~tiss~) between all sets of coefficients associated with our pruned eQTLs having excluded eQTLs for which a coefficient was not available in at least three quarters of the 44 tissues studied. These correlations therefore represent the degree to which two different eQTL-gene pairs show similar sizes and direction of effects across tissues (see examples in [Fig 4A and 4B](#pgen.1006673.g004){ref-type="fig"}). From the total set of correlations a subset corresponding to the correlations between the coefficients associated with a master-eQTL and two associated genes were first extracted ("Share a master eQTL" group). The remaining group ("others") was composed of those correlations where the eQTL was not tagged by the same variant i.e. the two sets of coefficients corresponded to two different eQTL-gene pairs. We then sampled 100 times from this group subsets of correlations corresponding to pairs of genes whose inter-gene distances approximately matched (same 50kb bin) the distribution of inter-gene distances of genes sharing a master-eQTL ("close proximity" group). To investigate the link between LD and the correlations between these tissue-level coefficients we calculated LD between all pairs of independent eQTL variants within 500kb of each other using PLINK \[[@pgen.1006673.ref026]\].

Chromatin looping {#sec015}
-----------------

Interacting regions of the human genome were obtained from Jin et al. \[[@pgen.1006673.ref016]\] and Mifsud et al. \[[@pgen.1006673.ref017]\]. The former is a genome-wide study of looping in the human genome and the latter a higher resolution study of loops specifically associated with gene promoters.

To assess the significance of the numbers of eQTLs and gene pairs found within genomic regions interacting in the genome-wide study of Jin et al. \[[@pgen.1006673.ref016]\] we adopted a circular permutation approach. All autosomes being concatenated and in each permutation all genomic regions defined in the Hi-C dataset being moved the same random distance along the genome (shifts being between 20kb and the total length of all the autosomes). Any regions falling off the end of the concatenated genome were added back on to the beginning. In this way we maintained the relationship between genomic regions, as well as their relative distances and sizes, but broke their relationship with eQTLs and gene locations. If the relationship between eQTLs and the TSS they are linked to is unrelated to chromatin interactions, we would have frequently expected to see as many eQTLs and TSSs linked by chromatin looping in these permuted Hi-C datasets. Our (one tailed) p value was calculated as the proportion of permutations where the number of eQTL-gene pair associations linked by Hi-C loops was greater than or equal to the number in the unpermuted data. Links between TSS pairs were assessed in the same way i.e. the Hi-C dataset was shifted a random distance along the circularised genome and the proportion of permutations determined where the number of gene pairs linked by chromatin looping was greater than or equal to the number in the real data.

Genome evolution {#sec016}
----------------

The orthologues of human genes in the mouse and chimpanzee genomes were obtained from Ensembl \[[@pgen.1006673.ref023]\]. Only orthologues with a one to one relationship between species were kept. All inter-gene distances were calculated between the TSS of genes found on the same chromosome in both species i.e. the measure is the change in distance between genes due to insertions, deletions, inversions etc. but not translocations.

Master eQTLs and disease {#sec017}
------------------------

LD levels between independent eQTL variants defined in this study and all variants within 500kb were calculated using the 1000 genomes phase 3 European genotype dataset \[[@pgen.1006673.ref024]\] and VCFtools \[[@pgen.1006673.ref027]\]. The GWAS catalogue \[[@pgen.1006673.ref021]\] was used to determine the number of phenotypes that have been associated with the set of variants in LD with each eQTL, and redundancy among phenotypes was removed by manually assessing the phenotypes linked to each eQTL and collapsing duplicates or analogous phenotypes (e.g. weight and BMI). Logistic regression was used to test for an association between master-eQTLs and their associated number of phenotypes. The response variable being 0 for eQTLs linked to only one gene and 1 for master-eQTLs. The total number of variants in LD with the corresponding eQTL was fitted as a covariate alongside the total number of associated phenotypes to account for any differences in the extent of LD around master-eQTLs and single gene eQTLs.

Supporting information {#sec018}
======================

###### Schematic of confounding of eQTLs by linkage disequilibrium.

Each point represents a single genetic variant along a genomic region and their log-transformed P value in two different tissues. At a region containing two causative regulatory variants that act in a tissue-specific manner (red and blue dots), LD can increase the apparent replication of eQTLs. Polymorphisms between the causative variants in this example appearing to replicate in both tissues due to being in LD with both causative variants. Ideally, following pruning, just the causative regulatory variant in the respective tissue will be selected. This should have little impact on replication within different datasets derived from the same tissue type, but will lead to a decrease in the replication of eQTLs across tissues. Variants showing spurious cross-tissue replication removed during pruning. Randomly selected eVariants on the other hand will often appear to replicate in this example, and their p value is expected to be close to the median of all p values in the region, meaning subsampling random sets of eVariants will have little impact on the genome-wide median log transformed p value compared to the total set. Consequently the limited impact of pruning on reproducibility in the same tissue type but decreased reproducibility in different tissues that is observed in [Fig 1](#pgen.1006673.g001){ref-type="fig"} is consistent with pruning reducing such spurious cross-tissue reproducibility. Randomly selected variants expecting to show little change in reproducibility as illustrated by the grey area in the lower panel of [Fig 1](#pgen.1006673.g001){ref-type="fig"}.

(PDF)

###### 

Click here for additional data file.

###### Frequency of variants being independent eVariants, or in perfect LD with an independent eVariant, as a function of their allele frequency and distance to gene.

The legend indicates the midpoint of the corresponding 2% minor allele frequency bin.

(PDF)

###### 

Click here for additional data file.

###### Number of gene pairs found to both loop towards a shared eQTL.

Total numbers of pairs identified using each dataset are shown in brackets, with 33% of the Hi-C pairs common to the CHi-C dataset.

(TIF)

###### 

Click here for additional data file.

###### Enrichment of chromatin interactions between master-eQTLs and linked gene pairs.

The distributions of the number of gene pairs linked to their shared eQTL via chromatin looping in 1000 circular permutations of the Hi-C data. Results where two different chromatin interactions link the genes to the eQTL (different HiC targets) and where the two genes are linked to the eQTL via one chromatin loop interaction (same HiC target) are shown. The corresponding observed numbers in the real, unpermuted data are indicated by vertical lines (same HiC target permutation p = 0.003, different HiC target p = 0.012, combined p \< 0.001).

(PNG)

###### 

Click here for additional data file.

###### Looping between promoters of genes sharing an eQTL.

The number of gene pairs sharing an eQTL observed to loop together in the real unpermuted data (vertical line) was higher than observed following all of the HiC data permutations.

(PNG)

###### 

Click here for additional data file.

###### The inter-gene distance of gene pairs linked by a shared eQTL and the theoretical background distribution of inter-gene distances.

The background distribution is the intergene distance of all gene pairs tested for an association with one of the non-redundant eQTLs.

(PDF)

###### 

Click here for additional data file.

###### Version of [Fig 6](#pgen.1006673.g006){ref-type="fig"} with the small group of genes that share an eQTL but do not show evidence of looping to the same region included.

(PDF)

###### 

Click here for additional data file.

###### Observed and expected number of eQTLs linked to different numbers of genes.

The observed number without the subsequent grouping step is shown i.e. without grouping eQTLs across genes that were redundant.

(PDF)

###### 

Click here for additional data file.

###### The final non-redundant set of eVariants used in this study.

(XLSX)

###### 

Click here for additional data file.

###### Gene pairs that share a master-eQTL to which both genes loop towards.

(XLSX)

###### 

Click here for additional data file.

###### Gene pairs that share a master-eQTL and whose TSSs are linked by chromatin looping.

(XLSX)

###### 

Click here for additional data file.

###### Reanalysis of [Table 1](#pgen.1006673.t001){ref-type="table"} with the reference gene pair group changed to those gene pairs looping towards a shared genomic region but that do not share a known eQTL.

(XLSX)

###### 

Click here for additional data file.

We would like to thank Sheena Prendergast for helpful comments on the manuscript.

[^1]: The authors have declared that no competing interests exist.

[^2]: **Conceived and designed the experiments:** JGDP.**Analyzed the data:** PT JM JGDP.**Wrote the paper:** PT JGDP.
